Ebola virus (EBOV) causes highly lethal hemorrhagic fever that leads to death in up to 90% of infected humans. Like many other infections, EBOV induces massive lymphocyte apoptosis, which is thought to prevent the development of a functional adaptive immune response. In a lethal mouse model of EBOV infection, we show that there is an increase in expression of the activation/ maturation marker CD44 in CD4
L ymphocyte apoptosis is a common finding in severe viral infections, including SARS (1, 2), influenza (3, 4) , Crimean-Congo Hemorrhagic Fever (5) , and Hantavirus (6) . It is often hypothesized that induction of lymphocyte apoptosis by viral infection obstructs the development of an effective adaptive immune response, leading to overwhelming infection and death.
Ebola virus (EBOV) 3 is a single-stranded, negative sense RNA virus that causes severe, and often lethal, hemorrhagic disease (reviewed in Ref. 7) . A key feature of the disease is severe bystander lymphocyte apoptosis, which is seen in both mouse (8 -10) and nonhuman primate models (11, 12) and is suggested in humans (13) (14) (15) . Since lymphocytes are not productively infected by EBOV, it has been suggested that lymphocyte apoptosis may be induced by NO, FasL, TRAIL, or immunosuppressive sequences in the viral proteins (12, 16, 17) . In addition, there are in vitro data suggesting that EBOV infection dysregulates dendritic cell functions, inducing altered cytokine expression and decreased T cell stimulatory activity (18 -20) . Such diminished dendritic cell function is thought to abrogate functional adaptive immune responses. Monocytes, in contrast, are activated upon infection and secrete proinflammatory cytokines (16, 21, 22) . A model has emerged in which early infection of dendritic cells causes abnormal innate immune responses, allowing the virus to evade the first wave of immunoregulation. In this model, the aberrant innate immune response leads to compromised adaptive immune responses, which are further abrogated by massive bystander lymphocyte apoptosis (12) .
However, the activation status of lymphocyte subsets during the course of EBOV infection have not been functionally studied; for example, the question of whether lymphocytes undergo apoptosis after partial activation, which could occur in the presence of incompletely activated dendritic cells, remains unanswered. To address these issues, a lethal mouse model of EBOV virus infection, in which death occurs on or around day 7 postinfection, was used. Lymphocyte responses to EBOV in mice are similar to those seen in nonhuman primates and humans, including classical lymphocyte apoptosis (9, 10) . Serial sampling experiments were performed, spleen and blood were harvested daily after infection, and lymphocytes were analyzed for activation markers. There was an increase in the percentage of CD4 ϩ and CD8 ϩ T cells expressing high levels of CD44, an activation and maturation marker, toward the end of lethal EBOV infection. Increased expression of CD44 correlated with increased lymphocyte numbers in the blood and previously reported lymphoblast presence in the spleen (9) , which are indicative of lymphocyte activation and proliferation. These data led to a hypothesis that a functional lymphocyte response was being generated in lethal EBOV infection. Importantly, transfer of splenocytes from day 7 mice protected naive mice from EBOV, but not Marburgvirus (MARV), challenge. Furthermore, EBOVspecific IFN-␥ production in CD8 ϩ T cells was observed in day 7 mice, and transfer of day 7 CD8 ϩ cells protected recipients from EBOV challenge. Together, the data supports the hypothesis that functional adaptive immune responses are present in lethal EBOVinfected mice despite massive lymphocyte apoptosis, suggesting that augmentation of this ongoing response may result in protection against EBOV infection. 
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ABSTRACT
Ebolavirus (EBOV) causes highly lethal hemorrhagic fever that leads to death in up to 90% of infected humans. EBOV infection induces massive lymphocyte apoptosis, which is thought to prevent a functional adaptive immune response. In addition, in vitro studies show that EBOV induces aberrant responses in dendritic cells, which is thought to contribute to a failed adaptive immune response. In this study we show that in a lethal mouse model of EBOV infection there is an increase in expression of the activation marker CD44 in CD4+ and CD8+ T cells late in infection. This precedes a dramatic rebound of lymphocyte numbers in the blood. Surprisingly, adoptive transfer of splenocytes from moribund infected animals protected naïve animals from EBOV but not marburgvirus (MARV) challenge. In addition, we observed EBOV-specific CD8+ T cell responses in moribund EBOV-infected mice, and adoptive transfer of these cells alone could transfer protection to EBOV-challenged naïve mice. Therefore, despite significant lymphocyte apoptosis, a functional and specific adaptive immune response is made in lethal EBOV infection. This data suggests that anti-EBOV therapeutics may curtail the progression of the disease long enough to allow the adaptive immune response to respond and minimize or obvert pathology. For serial sampling, five mice were euthanized each day after 1000 PFU i.p. challenge with mouse-adapted EBOV-Zaire (days 0 -7); the experiment was repeated and data were pooled. For the study of immune responses in late-stage infected mice, moribund mice were defined as very sick mice that would be euthanized at day 7 Ϯ 1 postinfection according to our protocol; these mice are referred to as "day 7. 
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Materials and Methods
Mice and infection
Flow cytometry
Cardiac puncture was used to acquire blood from anesthetized mice into EDTA tubes. For lymphocyte number, blood was analyzed with a Beckman Coulter ACT 10 counter. Remaining blood was lysed with RBC lysing buffer (Sigma-Aldrich) and washed with RPMI 1640 medium containing 2% FCS. Spleens were harvested and RBCs were lysed. For both blood and splenocytes, Abs (purchased from eBioscience and BD Biosciences) were added at 1:100, incubated for 15 min at 4°C, and then washed. Clones used were GK1.5 (CD4), IM7 (CD44), and 53-6.7 (CD8a). Cells were analyzed with a FACSCanto II (BD Biosciences). Blood CD4 ϩ and CD8 ϩ cell numbers were determined by multiplying the percentage of any particular subset residing in the lymphoid gate by the total lymphocyte number for that animal.
Adoptive transfer
Splenocytes from uninfected or day 7 (harvested at day 6 -8, depending on the development of severe disease) mice were harvested, and RBCs were lysed as above. In experiments using enriched populations, splenocytes FIGURE 1. Lymphocyte numbers in blood during the course of EBOV infection in mice. C57BL/6 mice were infected with 1000 PFU of mouse-adapted EBOV, and blood and spleen were harvested daily and analyzed. Lymphocyte numbers in the blood diminish during the course of EBOV infection but rebound shortly before death. CD4
ϩ and CD8 ϩ cell numbers show the same trend, although the recovery is more prominent in CD8 ϩ cells. Two separate experiments were conducted and combined, n ϭ 5-10. ‫,ء‬ p Ͻ 0.05 relative to day 0.
(either untreated or after processing with Histopaque 1083 (SigmaAldrich)) were stained with a CD8b biotinylated Ab (clone CT-CD8b, eBioscience), and cells were enriched according to the manufacturer's protocol using streptavidin magnetic beads (BD Biosciences). Purity was checked by flow cytometry. Cells were resuspended in PBS, counted, and injected i.p. into naive recipient mice ϳ15 min after EBOV or MARV infection. In transfer of whole splenocytes or purified CD8 ϩ cells, donor cells were thoroughly washed during the isolation process, ensuring that neither Abs nor cytokines were transferred to recipient mice. For donor tracking experiments, whole splenocytes from day 0 or 7 CD45.2 mice were labeled with CFSE (Invitrogen Life Technologies) according to the manufacturer's protocol. Ten million labeled splenocytes were transferred, as stated above, into congenic recipients (CD45.1), and 2 days later, spleens were removed, stained, and analyzed by flow for CD45.1 (clone A20; BD Biosciences), CD45.2 (clone 104, BD Biosciences), CD8, and CFSE expression. This experiment was repeated using CD45.1 mice as donors and CD45.2 mice as recipients with similar results.
T cell assays
Splenocytes from uninfected or day 7 mice were incubated with 0.2 g/ml of either an irrelevant MARV peptide (gp 1-15) or a pool of 10 EBOV peptides, known to be CD8 ϩ epitopes in mice after EBOV vaccination (24) and were the gift of J. Dye and G. Gene Olinger of the US Army Medical Research Institute of Infectious Diseases. The EBOV peptides used were IPVYQVNNLEEICQL, NAGQFLSFASLFLPK, PFDAVLYYHMMK DEP, WIPYFGPAAEGIYTE, FSKSQLSLLCETHLR, DRQSLIMFIT AFLNI, SDIFCDIENNPGLCY, AEMVAKYDLLVMTTG, AKPLRN IMYDHLPGF, and RIGNQAFLQEFVLPP. The MARV peptide used was MRTTCLFISLILIQGI.
After 30 -60 min at 37°C, brefeldin A was added and cells were incubated for 4 -5 h before staining with the indicated cell surface Abs. Cells were then washed, fixed, and permeabilized using the BD cytofix/cytoperm kit according to the manufacturer's instructions, stained for intracellular IFN-␥ (clone XMG1.2; BD Biosciences), and analyzed on a FACSCanto II.
Results
Increased blood lymphocyte numbers late in infection
Blood lymphocyte numbers are severely depleted in EBOV infection in BALB/c mice (9, 25), nonhuman primates (11, 12) , and likely in humans (15) . As expected, this was observed in infected C57BL/6 mice ( Fig. 1) . A rebound in total blood lymphocyte number was detected at day 7 postinfection. This lymphocyte "spike" was more prominent in CD8 ϩ than CD4 ϩ cell numbers. Interestingly, a similar phenomenon in T cells has been reported in latestage lethal infection of nonhuman primates (12, 26) .
Increased CD44 expression in CD4 ϩ and CD8 ϩ cells during infection
To determine the activation status of CD4 ϩ and CD8 ϩ T cells during this disease, the expression of the activation marker CD44 over the course of EBOV infection was monitored. CD44 is expressed on all lymphocytes and is up-regulated upon activation. ( Fig. 2A) . The total number of CD8 ϩ CD44 high cells in blood decreased on days 3-5 but recovered and increased on day 7 ( Table  I ). The total number of CD4 ϩ CD44 high cells in blood also decreased early in infection but recovered on day 7 (Table I) . Similarly, in spleen there was an increase in the percentage of CD8 ϩ and CD4
ϩ cells that were CD44 high on days 6 and 7 postinfection, even though there was a significant decrease in this population early in infection (Fig. 2B) . Furthermore, the total number of CD4 ϩ CD44 high and CD8 ϩ CD44 high cells per spleen also increased late in infection (Fig. 2C) , suggesting an expansion of these subsets. Numbers of total CD8 ϩ or CD4 ϩ cells per gram of spleen show a decrease in these subsets during infection but an increase in CD8
ϩ CD44 high cells per gram (Table I ). To ascertain whether these cells express activation markers other than CD44, cells were stained with the CD62L and CD127. As shown in Fig. 2D, CD4 ϩ and CD8 ϩ splenocytes express decreased levels of CD62L and CD127 and increased levels of CD44 late in infection, confirming the phenotype of activated cells. Together, these data suggest that there is activation in CD4 ϩ and CD8 ϩ cells in the late stages of EBOV infection.
Concurrent lymphocyte death and activation in spleens of EBOV-infected mice
Mouse-adapted EBOV infection of C57BL/6 mice results in death 7-10 days postchallenge. H&E sections of spleens from day 7 infected mice showed severe lymphocyte death (evidenced by nuclear condensation and fragmentation) compared with control uninfected mice (Fig. 3) . TUNEL staining was also increased, indicating an increase in lymphocyte apoptosis (Fig. 3) . However, there were also lymphoblasts (enlarged lymphocytes with oval nuclei and scant cytoplasm) concurrently present in day 7 spleens (Fig. 3) , suggestive of an ongoing immune response. Although this has been reported in BALB/c mice (9) and nonhuman primates (12) , there has been no explanation as to why blast cells are present.
Adoptive transfer of splenocytes from day 7 mice protects against challenge
It is intriguing to note that the rebound in blood lymphocyte number occurs directly after increased CD44 expression and concurrently with the appearance of lymphoblasts, and these data suggest an adaptive immune response may be taking place in lethal EBOV infection. To explore this possibility, whole splenocytes from day 7 EBOV-infected mice were adoptively transferred to naive mice shortly (ϳ15 min) after EBOV infection. Surprisingly, adoptive transfer of only 1 million splenocytes rescued 90% of the recipient mice, although weight loss in these mice was significant before showing recovery (Fig. 4, A and B) . Transfer of 10 million or 20 million splenocytes from day 7 mice prevented death in the recipient infected mice (Fig. 4A) . Furthermore, mice receiving 10 or 20 a Mice infected with EBOV were harvested daily, and blood and spleen cells were collected, counted, stained with Abs, and analyzed for absolute number of different populations. ‫,ء‬ p Ͻ 0.05 compared with day 0; n ϭ 5.
FIGURE 3.
Lymphoblasts and lymphocyte death in day 7 EBOV-infected mice. Representative H&E and TUNEL-stained spleens from uninfected (day 0) or day 7 EBOV-infected C57BL/6 mice are shown. Compact and fragmented nuclei, indicative of apoptosis, are present in day 7, but not day 0, spleens (arrowheads). Lymphoblasts are also present in day 7 spleens (arrows). TUNEL staining reveals substantial apoptosis at day 7, but not in uninfected, mice. Scale bar is 200 m. million splenocytes from day 7 mice did not show significant weight loss, suggesting that there was not severe disease in the treated mice (Fig. 4B) . As a control, transfer of 1, 10, or 20 million splenocytes from uninfected animals did not provide protection to infected recipients (Fig. 4, A and B) .
To determine the kinetics of the development of a protective transferable response in lethally infected animals, splenocytes were harvested from mice 1, 3, or 5 days postinfection and transferred to naive, EBOV-infected recipients (Fig. 4, C and D) . Mice receiving 10 million day 1 splenocytes did not survive, whereas there was moderate protection in mice receiving day 3 splenocytes. Day 5 splenocytes conferred complete protection, although the mice became very sick before recovering, based on weight loss. In comparison, 10 million splenocytes from day 7 mice conferred complete protection, and the mice did not lose weight (Fig. 4A) . Therefore, the efficacy of protection increases with time postinfection, suggesting the protection is due to the development of an adaptive immune response.
Splenocytes from day 7 EBOV-infected mice do not confer protection to MARV-infected mice
Although animals vaccinated against EBOV do not show protection to challenge with the related MARV (27, 28), it is possible that the protection seen in transfer of splenocytes from day 7 animals is due to non-specific cellular activation and subsequent se- To test specificity of the immune response in day 7 EBOV-infected mice, BALB/c mice were infected with EBOV virus. Splenocytes from day 7 EBOV-infected animals were harvested and injected into naive recipient mice, which were then infected with EBOV, MARV-Ravn, or MARV-Ci67. Recipients infected with EBOV were protected, as observed before; however, recipients infected with either MARV strain were not protected (Fig. 5 ). These data demonstrate that transferred splenocytes from day 7 EBOV-infected animals are specifically protective to EBOV and not MARV-infected animals, suggestive of an adaptive immune response.
EBOV-specific CD8 ϩ T cell responses in day 7 mice
To determine whether there is a functional CD8 ϩ T cell response in day 7 EBOV-infected mice, CD8 ϩ cells were purified from uninfected or day 7 mice and adoptively transferred into naive mice, which were then infected with EBOV. As shown in Fig. 6A , transfer of 1.8 million highly purified (Ͼ95%) CD8
ϩ cells from day 7 EBOV-infected, but not uninfected, mice protected naive mice from challenge. Transfer of splenocytes from day 7, but not uninfected, mice protects naive mice from EBOV infection. To determine whether activated lymphocytes from day 7 EBOV-infected mice are functional, adoptive transfer experiments were performed. A and B, Twenty, 10, or 1 million splenocytes from uninfected or day 7 moribund mice were injected into naive EBOV-infected mice. Survival curves (A) and weights (B) of each group demonstrate that as few as 1 million splenocytes from moribund day 7 EBOVinfected mice can rescue recipients from EBOV challenge. C and D, Ten million splenocytes from day 1-, 3-, or 5-infected mice were injected into naive EBOV-infected recipients. Survival curves (C) and weights (D) for each group. Splenocytes from day 5 EBOV-infected mice confer greater protection to recipients than day 3 mice, correlating with the development of an acquired response, n ϭ 10 per group.
IMMUNE RESPONSES IN LETHAL EBOLA INFECTION
To determine whether CD8 ϩ T cells in day 7 mice are EBOVspecific, intracellular cytokine assays were performed. Splenocytes from uninfected or day 7 EBOV-infected mice were isolated and stimulated with either no peptide, an irrelevant MARV gp peptide, or a pool of 10 EBOV peptides known to be CD8 ϩ T cell epitopes in vaccinated mice (24) . As shown in Fig. 6 , B and C, CD8 ϩ T cells from day 7 EBOV-infected, but not uninfected, mice produced increased amounts of IFN-␥ after incubation with the EBOV peptide pool. Splenocytes from day 7 EBOV-infected mice stimulated with an irrelevant MARV peptide produced statistically significant levels of IFN-␥ relative to day 0 splenocytes, presumably due to ongoing in vivo activation before stimulation. However, there was no difference in IFN-␥ production between no-peptideand MARV-peptide-stimulated day 7 splenocytes (Fig. 6C) , confirming the lack of stimulation with the MARV peptide. In any event, addition of the EBOV peptide pool significantly increased IFN-␥ production in day 7, but not uninfected, splenocytes.
To analyze the fate of the CD8 ϩ cells after transfer, cell tracking experiments were performed using the CD45 congenic system. CD45 is expressed on all nucleated cells of hemopoietic origin. White blood cells from congenic mice expressing different alleles of CD45 can be identified via differential Ab staining, making this system ideal for tracking the fate of transferred donor cells. Donor whole splenocytes from day 0 or 7 EBOV-infected mice were labeled with CFSE and transferred into CD45 congenic naive EBOV-infected recipients. Two days later, recipient splenocytes were stained with both donor and recipient CD45-specific Abs, and donor cells were analyzed for CD8 and CFSE. Donor CD8 ϩ cells from day 7, but not day 0, mice proliferated after adoptive transfer, as shown by reduced CFSE expression 2 days posttransfer (Fig.  6D) . The proliferation was even more pronounced on days 4 and 5 posttransfer (data not shown). Together, this data suggest that there is a functional and specific CD8
ϩ T cell response in day 7
EBOV-infected animals, despite the presence of massive classical lymphocyte apoptosis.
Discussion
The data presented here show that there is an EBOV-specific adaptive CD8 ϩ T cell immune response late in lethal EBOV infection. This correlates with increased CD44 high expression (Fig. 2) , recovery of lymphocytes in blood (Fig. 1) , and the presence of lymphoblasts in spleen (Fig. 3) (9) . Transfer of whole splenocytes from day 7 EBOV-infected mice protects recipients from lethal EBOV, but not MARV, challenge (Figs. 4 and 5) . This protection is best developed late in infection (Fig. 4, C and D) . In addition, there are EBOV-specific CD8 ϩ T cell responses in day 7 animals, and adoptive transfer of CD8 ϩ cells is sufficient for protection (Fig. 6) . There are several possible explanations as to why this immune response is insufficient for survival in this model. First, the response may be too late to control the rapidly replicating virus, which can reach serum titers of up to 10 8 PFU/ml (9) . Although the development of the CD8 ϩ response described here is similar to what would be expected from a successful immune response, the speed at which disease occurs may outpace the response. Similarly, the number of CD8 ϩ T cells that are generated could be too low to control high viral titers but are sufficient upon transfer to newly infected animals to control the disease. Secondly, the immune response could be dampened by altered cytokine production in the day 7 animals and are more functional or effective after transfer to a newly infected animal. Third, the damage done by infection could be too severe to overcome at the time the adaptive immune system responds.
A relevant question is whether these findings are congruent with the nonhuman primate models and humans. Lymphocyte responses to EBOV in the mouse and nonhuman primate models seem to be quite similar. Lymphocyte apoptosis is seen in the mouse and nonhuman primate models ((10, 12); Fig. 3 ) as well as in human cases (13) (14) (15) . There are analogous blood lymphocyte spikes late in EBOV infection in nonhuman primates (12, 26) . Furthermore, lymphoblasts are found in the spleen of late-stage lethally infected nonhuman primates (29) and mice (9) . More importantly, there is a report of lymphoblasts and plasmacytoid lymphocytes in the acute stage of EBOV-infected humans, suggestive of a lymphocyte response (30) . Together, this suggests that there is likely an adaptive immune response in fatal nonhuman primate and human EBOV infection.
The data presented here show that functional, EBOV-specific CD8 ϩ T cell responses exist late in lethal infection. Since EBOVinduced lymphocyte apoptosis does not abrogate functional CD8 ϩ T cell responses, the question remains as to how and why EBOV infection induces lymphocyte apoptosis and whether this is a key contributor to pathogenesis. In lethal mouse models of influenza and rabies infection, elimination of FasL results in decreased T cell apoptosis and subsequent increased animal survival (31, 32) . In contrast, elimination of the proapoptotic gene Bim increases virus-specific CD8 ϩ T cell survival in chronic lymphocytic choriomeningitis virus (LCMV) infection but has only a moderate impact on viral titers (33) . Bystander lymphocyte apoptosis occurs early in a successful immune response against acute LCMV infection (34, 35) . Clearly, the CD8 ϩ T cells that respond to EBOV described here have avoided elimination by apoptosis. Therefore, the question of whether blocking apoptosis would improve the overall immune response in EBOV infection is at least partially dependent on whether the apoptotic lymphocytes are specific for EBOV. In acute LCMV infection, there is evidence for apoptosis in both LCMV-specific and non-LCMV-specific CD8
ϩ T cells (34 -36) ; however, it is FIGURE 5. Transfer of splenocytes from EBOV-infected mice does not protect against MARV challenge. Ten million splenocytes from day 7 EBOV-infected BALB/c mice were injected into naive EBOV-, MARVRavn-, or MARV-Ci67-infected mice. EBOV-infected recipients were protected but MARV-infected mice were not, suggesting specificity of the immune response, n ϭ 10 per group.
currently unknown whether apoptotic lymphocytes in EBOV infection are EBOV-specific. Together, these data suggest that the role of lymphocyte apoptosis in viral infections differs and must be determined on a case-by-case basis. Furthermore, this report highlights the importance of searching for the presence of adaptive immune responses in other lethal infections.
The magnitude of the EBOV-specific CD8 ϩ T cell response in lethal infection is not known at this time, although there is a significant response that provides protection upon adoptive transfer (Fig. 6A) . The peptides used in Fig. 6 , B and C, contain known CD8 ϩ T cell epitopes induced by vaccination (24) . However, a thorough characterization of epitopes that are relevant in EBOV infection in naive mice has not been done at this point; this discovery would shed light on the magnitude of the CD8 T cell response in lethal EBOV infection. In mouse respiratory syncytial virus infection, there is a strong expansion of Ag-specific CD8 ϩ T cells in the lung, but only a fraction of these cells are functional (as determined by cytokine production or cytotoxic ability) (37) . Whether this is the case in EBOV infection will be resolved as more immunologic tools become available in the EBOV system.
The presence of a functional adaptive immune response suggests that at least some innate immune cells escape viral subversion and subsequently present Ag to CD8 ϩ T cells. In vitro data clearly show functional impairment of dendritic cells, monocytes, and NK cells after exposure to EBOV (16, 19 -22, 38 -40) . However, there must be some level of functional Ag presentation and stimulation of lymphocytes to generate the CD8 ϩ T cells response reported here. There have been no reports of in vivo dendritic cell or macrophage function during EBOV FIGURE 6. Functional CD8 ϩ T cell EBOV-specific responses are present in day 7 mice. A, A total of 1.8 million CD8 ϩ cells from day 0 or EBOVinfected day 7 C57BL/6 mice were purified (96% purity) and injected into EBOV-infected naive recipients. CD8 ϩ T cells alone were sufficient to transfer protection, n ϭ 10. B, Splenocytes from day 7 EBOV or uninfected mice were cultured with no peptide, irrelevant MARV peptide, or a mixture of 10 EBOV peptides known to be CD8 ϩ epitopes in vaccination. Increased IFN-␥ staining was observed in CD8 ϩ T cells from day 7, but not day 0, EBOV-peptidestimulated splenocytes. Graphs show gated CD3 ϩ CD8 ϩ cells. C, Graphs show combined from 2 to 4 separate experiments, demonstrating that EBOVspecific CD8 ϩ T cell responses were made during lethal EBOV infection. D, day 7, but not day 0, CD8 ϩ cells proliferate after transfer to infected naive recipients, as evidenced by reduced CFSE fluorescence. Plots shown are gated on CD45. infection. The data presented here also do not preclude the possibility that functional B cell responses may also be present in day 7 animals.
Together these findings suggest that a relevant, transferable adaptive immune response occurs late in lethal EBOV infection, despite the presence of massive classical lymphocyte apoptosis. We hypothesize that this response occurs too late to contain the infection, resulting in lethality. These findings raise the intriguing possibility that therapeutics may only need to slow the progression of the EBOV infection to allow the developing adaptive immune response time to respond to the virus. Indeed, antiviral therapeutics targeting viral genes based on antisense phosphorodiamidate morpholino oligomers or short interfering RNA can greatly improve survival of EBOV-infected, treated animals (41, 42) , presumably by allowing the host extra time to respond to the viral infection by slowing down viral replication (41) . Furthermore, therapeutic vaccine treatment in EBOV-or MARV-infected non-human primates directly after infection provides partial and complete protection, respectively, in an Ag-specific manner (43, 44) . Although no mechanism has been proven for this effect, the data reported here suggests that it is possible that the treatment accelerates or augments the functional, but insufficient, adaptive immune response that is formed in infected animals. In a different strategy, treating nonhuman primates with an inhibitor of coagulation resulted in diminished coagulopathy, viral titers, and inflammatory cytokines, rescued 1/3 of animals from EBOV infection, and delayed timeto-death of the rest of the treated animals (45) . Therefore it is possible that this treatment gave the ongoing immune response time to develop. However, these theories remain to be examined more thoroughly. In addition, whether or not blocking lymphocyte apoptosis or improving dendritic cell function during infection can increase the effectiveness of this adaptive response remains to be determined. The finding of a functional, but insufficient, adaptive immune response in lethal filoviral infection represents a significant shift from the current view of the immune response to EBOV challenge. These findings should spark new research in the development of immunotherapeutics, as the data suggest that the adaptive response in lethal EBOV infection is significant and may be protective with treatments that enhance the quality and magnitude of the ongoing immune responses.
